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Introduction
The recorded study of catalytic asymmetric epoxidation reads like an epic.
1 Epoxidation methods populate a large swath of the chemical literature because of the synthetic utility of epoxide products. 2 Methods based on transition metals that allow for the use of directing groups (e.g., allylic alcohol bearing substrates) have achieved high levels of enantioselectivity and have served as benchmarks as the field has strived for expanded substrate scope. More remote directing groups, 3 and metal-free based catalysts 4-11 have also proven effective for various classes of olefins. So, too, have directing group-free processes proven to be of great importance.
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As part of an effort to explore the limits of effective catalysts based on "minimal peptides," 13 we have been studying an unusual catalytic cycle for epoxidation based on the proteinogenic amino acid aspartic acid (1, Figure 1 ). While this role is not known for aspartate in enzymatic catalysis, which instead most often employs co-factors for biosynthetic epoxidations, 14 we have been intrigued about the possible intermediacy of aspartyl peracids (2) -co-factor-free intermediates -for peptide-based epoxidation catalysis. Our initial studies into the epoxidation of allylic carbamates 8a,b were based on a catalytic cycle employing an aspartyl peptide catalyst, and hydrogen peroxide as the oxidant (Figure 1 ). The plausible catalytic cycle involves carboxyl activation with a carbodiimide reagent and capture of the derived active ester either as the carbodiimide adduct (3) or its nucleophile-derived adduct (e.g., 4) with hydrogen peroxide. The aspartyl peracid then delivers an O-atom to the olefin, regenerating the catalyst.
This cycle proved to be robust and portable to other substrate types.
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Figure 1. Aspartic acid-based peptide catalytic cycle.
A particular challenge for all types of asymmetric reactions is presented by substrates that possess multiple copies of the same functional group. 16 In situations of this type, exemplified by farnesol (5, Scheme 1), the challenge of site selectivity is introduced alongside the challenge of stereoselectivity. 17 We recently wondered if the aspartyl peptides might be adapted to meet the challenge of polyene epoxidation, given that this type of comprehensive selectivity challenge is often encountered in natural systems, and surmounted by enzymes. 18 The challenge is particularly difficult in substrates like farnesol since, intrinsic to the substrate, there are reactivity hierarchies that render olefinic sites of differing reactivity. Thus, for a catalyst to be found that is selective for each site, some may have to overcome intrinsically low reactivity at a given position.
We recently approached this challenge with farnesol employing a combinatorial split-and-pool approach.
8d As shown in Scheme 1, we found a peptide-based catalyst 6 that is highly selective in forming the 2,3-epoxide of farnesol (8) over
the 6,7-epoxide (9) or the 10,11-epoxide (10) with 1:1:>100 site selectivity (10:9:8) and 86% ee in forming 8. In addition, we found another catalyst (7) that exhibits highly unique site selectivity for the 6,7-position (1:8:1, 10:9:8) of farnesol, albeit with low enantioselectivity (10% ee). Notably, both out-comes are entirely different from the result one observes with either stoichiometric use of m-CPBA as the oxidant or when propionic acid is used as a catalyst under conditions analogous to those employed for catalysts 6 and 7. The unique behaviors of catalysts 6 and 7, along with the fact that each was discovered through a combinatorial screening that was relatively unencumbered by mechanistic hypotheses, have spawned studies of their catalytic mechanisms. We have recently reported studies targeted at understanding the mechanism of action of the 6,7-selective catalyst, 7. 19 Herein, we describe studies targeted at elucidating the basis of the selectivity exhibited by the 2,3-selective catalyst (6) , including an assessment of its substrate scope. Notably, while substantial insight may be gleaned about possible transition state ensembles, a conclusive single-transition state model does not fit the available data uniquely.
Scheme 1. Catalytic epoxidations of farnesol.
Results and discussion

Optimization of Reaction Conditions
We initially wished to explore substrate scope as part of a mechanistic inquiry that might shed light on the topological requirements of 6 in the transition states for various substrates. As part of this analysis, we revisited the reaction conditions, as the catalyst was projected to be less enantioselective for some substrates compared to farnesol.
Interestingly, in some cases the addition of Et 3 N led to higher enantioselectivity, but at the expense of isolated yield. The origin of this effect is not fully understood. However, it is possible that the presence of base disrupts carboxyl activation of the Asp side chain, which occurs under neutral conditions. Under neutral conditions, the acid and the carbodiimide are presumed to form the O-acyl urea as shown in Figure 2 , Path A (purple). In the presence of base, however, it has been observed that O-acylurea formation is slower as the carboxylate salt (Figure 2 , Path B, green). 20 In either scenario, it is possible that catalyst deactivation through a base-assisted O-to-N-acyl transfer from the activated carboxylate (Figure 2 , red) might also conspire to reduce the efficiency of the catalysis in the presence of additional base. 
Substrate Scope
Encouraging results for enantioselective allylic epoxidation from our earlier report prompted us to further investigate the substrate scope of the reaction (Table 1) . Previously reported results for prenol and nerol, which were epoxidized using previously reported conditions (a) , indicated that (Z)-olefins were best suited for the system. 8d Epoxynerol (11) can be synthesized with 93% ee and 79% yield and epoxyprenol (12) is formed in 92% ee and 75% gas chromatography (GC) yield (Table 1 , entries 1 and 2, respectively). The optimal pattern for the substitution, in terms of steric bulk of substituents, remained an intriguing avenue for investigation.
With these observations in mind, we proceeded to assess the substrate scope under two sets of conditions: (b) those that included the addition of triethylamine, and (c) those that lacked triethylamine. The scope reveals the effectiveness of peptide 6 with (Z)-trisubstituted alkenes. With base, (Z)-3-phenyl-pent-2-en-1-ol, gives its epoxide (13) in 60% yield and 96% ee (entry 3b). Without base, 13 can be isolated in 73% yield and 96% ee (entry 3c). (Z)-Disubstituted epoxides (entries 4-6) like 14 can also be synthesized with excellent selectivity (97% ee, condition b; 92% ee, condition c), and are perhaps the best suited for catalyst 6. Other cis alkenes like cis-hex-2-en-1-ol and cis-cinnamyl alcohol are also epoxidized in high enantioselectively. Compounds 15 and 16 can be isolated with 91% ee (46% yield) and 83% ee (54% yield) with base, (entries 5b and 6b, respectively). Without base, 15 is afforded in 29% yield and 91% ee (entry 5c).
(E)-Alkenes like trans-oct-2-en-1-ol can be epoxidized with somewhat lower ee. For example, 17 is afforded in 55% yield with 75% ee (entry 7b) or in 47% yield with 74% ee without a base additive (entry 7c). The improved performance of the peptide for (Z)-over (E)-alkenes is also apparent in the treatment of the two isomers of 3-phenyl-pent-2-en-1-ol. Whereas the (Z)-isomer is epoxidized in high yield and ee (entry 3), the corresponding (E)-3-phenyl-pent-2-en-1-ol is converted to 18 in 36% yield and 67% ee (entry 8). Analysis of cyclohex-1-enyl-1-methanol reveals that the substrate also exhibits lower selectivity. With base, 19 can be isolated in 29% yield and 63% ee (entry 9b). Without base, the yield increases to 43% and its ee goes down to 61% (entry 9c). We note that the stereochemical configuration of 19 is alternate to the other products we examined. The parent olefin leading to this outcome is unique in that it is cyclic and disubstituted at the 2-position.
The nuances associated with catalyst-substrate interactions are addressed globally below.
The terminal, sterically encumbered 1,1-diphenylprop-2-en-1-ol gives epoxide 20 in low yields (9% and 10%, respectively), but with high ee (86% and 84%) under either set of reaction conditions (entries 10b and 10c, respectively). Catalyst 6 is particularly ineffective in discriminating the prochiral faces of 2-phenylprop-2-en-1-ol, producing 21 in 13% yield with 12% ee (entry 11). Our results with various olefins, especially those with Z-geometry, reveal a number of effective asymmetric epoxidations with good to excellent enantiomeric excesses. 
Rate Studies
Investigations of the rate of the peptide-catalyzed process show epoxidation of cis-hex-2-en-1-ol is faster in the presence of peptide than it is the presence of propionic acid (Figure 3) . The reaction was monitored by GC, tracking the disappearance of cis-hex-2-en-1-ol in aliquots of the reaction mixture relative to a dodecane internal standard. When the reaction is examined in the early stages of the reaction (the first 240 minutes), and treated as if possessing a profile that is first order in substrate, k obs for the catalyst 6-mediated reaction (1×10 -2 M/min) is M/min; See Supporting Information for details). Furthermore, the selectivity achieved by catalyst 6 for the allylic position with farnesol serves as a competition experiment (i.e., the epoxidation of the allylic olefin is faster than other positions). These data show that the epoxidation event is accelerated by the peptide relative to propionic acid, suggesting hydrogen bonding contacts between catalyst 6 and the hydroxyl-bearing substrate. 
Analogue Studies
Our group has often found value in examining truncated peptide catalysts to understand how remote sequence elements influence selectivity.
8e, 23 While we had examined truncated versions of the catalyst 6 on-bead, 8d we endeavored to perform this type of analysis on farnesol with peptides in solution ( Table  2 ). While catalyst 6 delivers excellent selectivity in solution (1:1:>100, 10:9:8; 86% ee for 8), each of the further truncated analogues of 6 delivers incrementally worse selectivity. The steepest decline seems to occur with 22, a pentamer in which the C-terminal Asn(Trt)-OCH 3 has been replaced with a methyl ester. Catalyst 22 delivers about a quarter of the enantiomeric ratio of 6, with site selectivity of 1.1:1.0:18 (10:9:8). It is important to note that the changes in site selectivity and enantioselectivity can be magnified by differences in conversion. 24 The further truncated tetramer 23 exhibits another loss in selectivity, furnishing 1.0:1.0:14 (10:9:8) site selectivity and 8 in 55% ee. Removing the i + 3 residue to give the trimer 24 leads to further reduced site selectivity (1.0:1.0:5.2, 10:9:8) and enantioselectivity in forming 8 (16% ee). Interestingly, while the full catalyst 6 is clearly the most selective, none of the truncated peptides leads to a complete loss in selectivity for epoxide 8.
We note parenthetically that losses of site selectivity correlate with reductions in the observed enantioselectivity within this series of truncated catalysts. It is interesting to speculate about the significance of the correlation. The drops in both metrics of selectivity relate to energetic separation of competing transition states, and perhaps also their multiplicity. The study of site selectivity, in this manner, may provide a window into the transition state ensemble that could be less visible when the binary read-out enantioselectivity alone is assessed.
In any case, these studies prompt two fundamental questions: What are the loci of peptide-substrate interactions and how does the C-terminal region of catalyst 6 promote selective epoxidation?
One interpretation of these truncation data is that catalyst 6's essential points of interaction with substrate are localized to the N-terminal residues. Alternatively, the means by which catalyst 6 interacts with the substrates may change with each truncation. Henbest and others have demonstrated that hydroxyl-groups are capable of directing peracids with stereoselectivity by themselves. 5, 25 The influence of the Henbest-type mechanism in the present case is unclear, but catalyst 6 (or its analogues) may adopt conformations that favor this mode of epoxidation (Figure 4, A) . It is also possible that the peptide directs the epoxidation exclusively through other interactions (C) or using a combination of these interactions (B). The important role of the C-terminal region of catalyst 6 is also of interest. One possibility is that the disposition of this region helps the catalyst 6 adopt a more optimal conformation to achieve selectivity, perhaps stabilizing other interactions taking place between catalyst and substrate. In support of this hypothesis, the 1D 1 H NMR of 22 indicates that there are at least two species present. It is likely that catalyst 22 exists as at least two conformational isomers. 26 If removal of the Cterminal Asn(Trt) results in a number of conformations, it is possible that the i + 5 Asn(Trt) exists to bias the conformation of 6 toward a number of conformations that lead to favorable selectivity. Another scenario that is not supported by experiment is that the C-terminal region of catalyst 6 may interact directly with the substrate. We may now also reflect on information that we garnered from previous catalysts from our screening libraries, which led to the development of catalyst 6. First, we note that a number of catalysts that we screened displayed favorable selectivity in the production of epoxide 8. Studies of the most site-selective library for farnesol epoxidation suggest that the identity of the i + 4 side chain (a DPhe in catalyst 6) may not be important, as a number of catalysts were identified with variability in this position. Given the broad sequence tolerance 8d we decided to investigate the conformation of catalyst 6 in solution using 2D NMR techniques.
NMR Structure Elucidation
In pursuit of the nature of stereochemical information transfer, we investigated the solution structure of catalyst 6 employing NMR. A ROESY experiment yielded numerous data that allowed assignment of through-space interactions ( Figure  5a ). Crystallography and NMR Systems (CNS) 27 was used to calculate plausible structures that satisfied NMR-derived distance restraints. 28 A variety of techniques may be brought to bear on the study of peptide-based catalyst structures. 29 Among these, modelling of NMR data using CNS required several decisions about data treatment. For instance, we found that the ranges (bins) to which the distance restraints were assigned influenced the subpopulations within the structure ensembles, so we have focused on the most consistent set of structures for presentation herein (see supporting information for details). While the structures show some variations, there are several generalizations that may be found in the lowest energy structures as calculated by CNS. For example, these structures exhibit an internal hydrogen bond between i + 3 and i + 5 that is consistent with a γ-turn 30 motif (Figure 5b ) from the methylcapped C-terminus to Asn(Trt) 6, Pro 5, and through the DPhe 4 residue (Figure 5b ). When the ten structures that best fit our data are parsed out into three sub-ensembles (Figure 5c ), it becomes clear that, despite the common γ-turn across the whole of the ensemble, our data accommodate multiple conformations of catalyst 6. Table 2 : Incremental truncation of catalyst 6 and the effect on catalysts' selectivity. 
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10,11- However, with the perceived importance of the C-terminal region of 6 on both structure and selectivity, we looked for other areas of homogeneity within the peptide (Figure 6a ). Pairwise alignment of the non-hydrogen backbone atoms of the N-terminal portion of the sequence (Figure 6b, i) , the central Asn(Trt) residue (Figure 6b, ii) , and the C-terminal region (Figure 6b, iii) was carried out in Pymol 31 using the NMR ensemble average structure as an arbitrary reference. The higher RMSD values of catalyst 6 for a given region of the sequence suggest more conformational possibilities, while low values imply fewer conformational possibilities. The i, i + 1, i + 2 residues of catalyst 6 in the NMR ensemble overlay with an RMSD value of 0.10 ± 0.05 (Figure 6b, portion i) . Similarly, the i + 3, i + 4, i + 5 residues overlay with an RMSD value of 0.11 ± 0.06 (Figure 6b , portion iii). However, when same treatment is applied to the central portion of 6 (the i + 1, i + 2, and i + 3 residues), the structures within the ensemble diverge ( Figure 6b , portion ii). The backbone atoms of the i + 2 Asn(Trt) residue and the preceding and trailing atoms necessary to define its φ,ψ torsion angles overlay with an RMSD of 0.6 ± 0.6. This analysis suggests that both the proline-containing N- (Figure 6b , portion i) and C-termini ( Figure 6b , portion iii) are more conformationally homogeneous relative to a more conformationally heterogeneous central portion of catalyst 6. Our CNS and truncation data indicate the C-terminus of catalyst 6 is essential to its selectivity. Yet, it is less clear whether this influence is through a direct interaction with the substrate, or a 'buttressing' effect that stabilizes the selective catalyst conformation. Our studies do not culminate in a unique model for asymmetric induction by catalyst 6. Instead, we are able to envision several structural arrangements that may accommodate an allylic alcohol, and in particular a Z-allylic alcohol, in a manner that is consistent with both the asymmetric reactions themselves and the ground state calculated NMR structures. With the oft-quoted caveat that the ground state conformations may not resemble transition state structures, 32 we consider the three ensembles shown in Figure 7 . Of particular note is that if the two better defined catalyst sectors (N-terminal region and separated C-terminal region) observed by NMR are preserved in the transition state for O-atom transfer, then it is plausible that an H-bonding array harnesses the directing hydroxyl group through several interactions. 8e As shown in Figure 7a and 7c, the carbonyl oxygen atoms of i Asp and i + 1 Pro seem strong candidates for providing these contacts. An alternative arrangement is shown in Figure 7b , wherein the carbonyls of i Asp and i + 4 DPhe may present greater proximity to the i Asp side chain, housing the peracid moiety and the O-atom that is transferred. In each of the ensembles, the anchoring of the hydroxyl group of the Z-allylic alcohol to the peptide presents the face of the double bond that is oxidized proximal to the Asp a.
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side chain. For each of the other substrates, it is plausible that analogous hydrogen bonds may be formed, but that differential steric interactions may arrange the substrate such that the most accessible face of the olefin is oxidized. Simultaneously, the contribution of "Henbest-type" interactions (cf., Figure 4 ) may be superimposed upon the ensembles of Figure 7 . These details seem beyond the resolution of our experimental interrogation of the system. However, a limited ensemble of possible transition states may be considered as a result of the analysis. 
Conclusions
In this study, we have probed the mechanistic basis of a peptide-based catalyst that is quite effective for the asymmetric epoxidation of certain types of allylic alcohols. The origin of the catalyst for these reactions was a combinatorial study that was minimally biased in terms of the nature of the peptide sequences that were originally introduced into the library. Of note, when peptides of shorter sequences were employed, particular drops in efficiency were observed -suggesting that essentially every piece of catalyst 6 contributes to its interesting performance.
On the other hand, examination of other substrates revealed that the substrate of the screen -farnesol -was not the "best" substrate for peptide catalyst 6. Some Z-configured allylic alcohols provide a higher level of enantioselectivity when subjected to oxidation with catalyst 6. It seems appropriate to wonder about the result of performing the entire combinatorial screening study anew, with Z-allylic alcohols as the test substrate. Would catalysts like 6 emerge as the best ones? Or could we design new catalysts for alternative substrates based on our mechanistic studies?
An analysis of the solution structures that may be populated by peptide 6 offers perspectives that are only partially guiding. We are able to significantly limit the field of possible catalyst conformations through our studies.
Plausible loci of interactions between catalyst and substrate may be proposed. At the same time, kinetic experiments show unambiguously that catalyst 6 operates through a mechanism defined by a specific rate acceleration relative to that observed with an aliphatic carboxylic acid catalyst. This observation is consistent with our models and complementary to a very different sequence that delivers site selectivity of a different type (7, 6,7-selectivity within farnesol).
8e While a unique transition state model that accounts for observed selectivity is not derived, features of members of an ensemble of structures that may contribute to the observed selectivity may be derived. Taken together, these studies establish further that combinatorial screens of peptide-based catalysts can often lead to catalysts of substantial prowess. The generality of the catalysts can vary, and their modes of operation can be difficult to establish definitively. In the end, it may be that these same challenges persist with catalysts that emanate from studies aptly called "design." It remains a theme of some discovery-based research agendas that "how to do something" can be an easier question to address than "why does it work?" 
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